6. SENSITIVITY STUDIES

As in every numerical simulation of a groundwater system, the modeling of Amchitka Island
is conducted in the face of significant uncertainties. Where data allowed, uncertainty in critical
parameter values was incorporated directly in the modeling process. Performing the modeling with
mean values and distributions of important parameters allows the uncertainty in those parameters
to be accounted for and carried into the subsequent risk assessment through a standard deviation in
the breakthrough curves. However, some uncertainties cannot be addressed through that process,
either due to a lack of data from which to derive means and distributions (as in the case of the matrix
diffusion parameter), or because the uncertainty is in the underlying conceptual model or numerical
approach. A variety of sensitivity analyses are presented now to address some of these issues. The
first set of sensitivity problems can be addressed using the two-dimensional model formulation
presented in the previous section. The second set requires expanding the model into the third
dimension.

6.1 Two-dimensional Sensitivity Studies

The two-dimensional FEFLOW formulation of the three sites is used to evaluate the following
topics: issues related to the numerical solution of the transport problem, the sensitivity of transport
results to the matrix diffusion coefficient, the possibility of transport by colloids, the impact of the
island half-width on the model, and finally, the possible system response to sea level change.

6.1.1 Numerical Solution Issues

The density variations due to the saltwater intrusion problem lead to a spatially varying
velocity field as shown in Figure 6.1 and Figure 6.2. The velocity values are only known at specific
points according to the finite-element solution of the flow problem. These points do not form a
uniform grid, as would be the case in the finite difference models. For computational convenience,
we grid the non-uniformly spaced velocity vectors using nearest-neighbor interpolation and obtain
the velocity vectors at a uniformly-spaced two-dimensional grid. This facilitates the interpolation
of the velocity needed for determining particle velocity for radionuclide transport simulations.
Particle velocity needs to be interpolated from the surrounding known velocity values. A number
of studies dealt with the velocity interpolation and presented different alternatives for computing
particle velocity in purely advective transport regimes. These include, but are not limited to, Pollock
(1988), Goode (1990), Schafer-Perini and Wilson (1991) and LaBolle ef al. (1996). The common
result of these approaches is that for heterogeneous media, the linear and bilinear interpolation
schemes yield similar results [e.g., Goode (1990, Fig. 17) and LaBolle ez al. (1996, Figs. 12-14)].
Although we do not consider medium heterogeneity, the salinity variability leads to heterogeneous
velocity distribution for which the interpolation schemes need to be evaluated.

First, we check the aspects of the velocity gridding and interpolation. The accuracy of the
conversion of the non-uniformly spaced velocity vectors into uniform grid values is evaluated in
Figures 6.1 and 6.2. In these figures, we compare the original velocity vectors obtained from
FEFLOW on the finite-element mesh to the interpolated-velocity (or the gridded-velocity)
streamlines. As can be seen from different insets in the figures, the streamlines obtained from the
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interpolated velocity (magenta lines) are following very closely the original velocity vectors (blue
arrows) of the non-uniform grid. The velocity vectors run parallel to these streamlines and show very
good correspondence starting from the cavity location and ending at the seepage face across the
seafloor.

The other aspect we check is the accuracy of the interpolation of the gridded velocity to obtain
particle velocity. The colored figures discussed above also show the advective particle trajectories
(green lines), which match very closely the original velocity vectors and the streamlines of the
gridded velocity. This qualitative evaluation indicates that the gridded velocity and the particle
interpolation scheme employed in our simulations are sufficient for obtaining accurate estimates.
One should also remember that the actual simulations are performed with local-scale dispersion,
which is implemented by adding random steps to the particle movement. These random steps change
the streamline the particle follows in a random manner such that any etrors in the particle velocity
interpolation may be smeared out by the addition of these random steps.

To check the sensitivity of the results of the random walk transport simulations to the velocity
interpolation scheme, we employ a bilinear and an inverse distance interpolation scheme and
compare the breakthrough results for the first scenario of the Milrow settings. Figure 6.3 shows the
non-decayed mean and standard deviation of the total mass flux crossing the seafloor as a function
of time using both bilinear and inverse-distance interpolation schemes. The third subplot in the

figure is a magnification of the Q profile for a time frame of 200 years. The results show that the

two interpolation schemes yield similar peak value and arrival time for both the mean and the
standard deviation of the mass flux. The differences that exist between the two interpolation schemes
are very minor, indicating that any of the two schemes would lead to the same exact final result (after
applying matrix diffusion and decays computations).

Standard random walk methods (represented by Equation 3.7) usually rely on the assumption
that medium properties such as porosity, 8, and dispersion coefficient, D, are sufficiently smooth.
Discontinuities in effective subsurface transport properties that may arise in discrete velocity fields
of numerical groundwater flow models violate this smoothness assumption (LaBolle et al., 2000).
Therefore, when either &or D are discontinuous (e.g., step functions, as is the case between the
cavity and the surrounding domain), these standard methods fail (LaBolle et al., 1996) because the
gradient terms of D and/or @ cannot be formally defined. LaBolle et al. (2000) developed
generalized stochastic differential equations applicable to the case of discontinuous coefficients
(e.g., dispersion coefficients) and developed a new random walk method that numerically integrates
these equations. That method is applicable for cases of abrupt changes in transport parameters and
velocity values. The new random-walk equations proposed by LaBolle ez al. (2000) can be written
as

X, 4 = X; + VX, )41 + QD(V(X, + 86,0040 - Z (6.1)

where the displacement vector & is defined as
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6 = QD(VX N2 - Z (6.2)

The idea in this approach is to evaluate the advective step of the particle using the velocity at
the current position of the particle (X;), and at time . The dispersive step is performed using
dispersion coefficients evaluated at an intermediate location, (X; + 8), where the increments vector
d represents dispersive steps from the current location, X;, to the intermediate location, X; + 4.
Comparing Equations (6.1) and (6.2) to Equation (3.7), one can see that the dispersion gradients
(which are not defined at interfaces between domain blocks) are not needed in LaBolle ez al.’s (2000)
approach.

It is of interest to compare the performance of this modified approach with the traditional
random walk method in one of the three tests. We plot in Figure 6.3 the mean and standard deviation
of the mass flux crossing the seafloor for Milrow. These results do not account for matrix diffusion
or for radioactive decay. The figure compares the traditional random walk method (which relies on
computing gradient terms) using bilinear and inverse square-distance interpolation schemes for
particle velocity to the modified approach of LaBolle ef al. (2000). As mentioned earlier, the
traditional approach is not very sensitive to the particle velocity interpolation scheme. The modified

approach of LaBolle ef al. (2000) results in much lower values for both <Q> and 9Q at all times.

We, however, performed all simulations using the inverse square-distance interpolation scheme,
which yields the highest mass flux values and earliest arrival. If one agrees that LaBolle et al.’s
(2000) approach is more accurate than the traditional approach, our results can be viewed as
conservative estimates of the radionuclide arrival to the seafloor.

In terms of the spatial-temporal distribution of the point mass flux, g(x;, £), crossing the
seafloor, Figure 6.4 shows a comparison similar to that presented for Q(¢), but including the matrix
diffusion effect. The same conclusion can be drawn from this figure that the inverse distance scheme
used in our simulations is the most conservative one and thus the modified approach of LaBolle ez
al. (2000), though may be more accurate, is not implemented for our simulations.

6.1.2 Matrix Diffusion Coefficient

The parametric uncertainty analysis identified the matrix diffusion parameter, k, as a sensitive
parameter in the transport analysis. Despite this, matrix diffusion was not selected as an uncertain
parameter for the final modeling stage because few data are available to guide the generation of the
random distributions of k. Instead, a sensitivity approach is used to understand the impact of
uncertainty in matrix diffusion. In addition to the base-case value used earlier (x of 0.434), an
order-of-magnitude lower k is evaluated here to assess the sensitivity of the transport results to the
uncertainty associated with this parameter. Recall that the value of 0.434 itself already allows less
diffusion than the best estimate of x of 1.37 day~1/2. This particular sensitivity analysis is performed
using all of the flow realizations generated for the three sites and includes parameter uncertainty as
used in the base-case models presented in Section 5, with the only difference being the lower x of
0.0434 day172,
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Figure 6.5 (top) shows the undecayed breakthrough curves for the first solute class (100
percent hydraulic release) at Milrow with and without matrix diffusion. The two cases for the matrix
diffusion parameter are plotted in the figure. Without any matrix diffusion, a very early
breakthrough is observed where the first mass arrival occurs at about five years after the test. When
adding matrix diffusion with k = 0.434 (the base case), a significant reduction in the mass flux values
is obtained and there is a significant delay in mass arrival. A typical feature of the matrix diffusion
effect is to delay the arrival of mass to the breakthrough boundary, reduce the peak and induce a
tailing effect. The shape and length of the tailing effect depends on the parameters governing the
diffusion into the rock matrix, which are represented by k. The results with x = 0.0434 also show
a significant reduction (two orders of magnitude at least) in mass flux, but less delay in mass arrival
time.

The results for each of the sites show a great sensitivity to matrix diffusion. At Milrow, the peak
3H flux is increased about five to six orders of magnitude and occurs earlier (at about 15 years) than
the higher matrix diffusion base case (Figure 6.6 and Figure 5.14). The short half-life of *H
magnifies the effect of this parameter. As alluded to earlier, the higher values of « lead to delayed
arrival of mass and lower mass fluxes. This delayed arrival encounters significant decay for
short-lived nuclides. The effect of this parameter is much less dramatic for radionuclides with long
half-lives. For example, for 14C, the normalized peak of the mean concentration increases by one
to two orders of magnitude and occurs at about 250 years (Figure 6.7 and Figure 5.15 ). The peak
of the total mass flux is increased two orders of magnitude by decreasing the matrix diffusion
parameter. The effect of this parameter is less dramatic than it was for 3H. Other radionuclides show
similar sensitivities to the matrix diffusion parameter as shown in Table 6.1a and Table 6.1b and in
comparison with Tables 5.3a and 5.3b, with the effect essentially dependent on the radionuclide’s
half-life.

The results of the transport simulations for Long Shot show less sensitivity (as compared to
the other two tests) to the value of the matrix diffusion parameter even for the short-lived nuclides.
This is attributed to the short arrival times encountered at Long Shot. The peak for 3H is increased
about three orders of magnitude and occurs at about seven years (as opposed to 30 years in the base
case; compare Figure 6.8 and Figure 5.23). For 14C, the normalized peak of the mean concentration
increases by two orders of magnitude and occurs at about four years, when K is decreased to 0.0434
(compare Figure 6.9 and Figure 5.24). Other radionuclides show similar sensitivities to the matrix
diffusion parameter as shown in Table 6.2a and Table 6.2b, with the effect being less dependent on
the radionuclide’s half-life as compared to Milrow due to the very short arrival times.

At the Long Shot site, the lower matrix diffusion value results in breakthrough of some
radionuclides where none occurred in the base case. The radionuclides in Class 6, which did not
survive the base-case transport scenarios for any of the sites, showed detectable amounts of mass
flux and concentration for the Long Shot case with the smaller matrix diffusion. With the short
arrival times and the smaller value of the matrix diffusion parameter, the elements in that category
break through but with much lower concentrations and mass fluxes as compared to elements in the
first five classes. Since Class 6 survived the scenario with the small matrix diffusion (x =

178



10° S - - .
S~ — —]
",—-—-—n----w-—-—--.-_._-._--_ A
’ --------ﬁ--
Ec‘ 10] 4 - ]
z T f 7 ‘.
v ”
5
s i yd
0 15|
g 10 / ]
2 -
L]
4]
>
]
3 20]
T 1071  Case 1 with different -
5 x values !
4 " — k= 0.0000
i e Kk =0.0434
o -=k=0.4340 1
10‘ il PR | n P A B A | I
1¢ 10 1 10°
Time (years)
T T
-— Case 1
seer Case 2]
«ms Case 3
— - Case 4
=) Case 5
‘EA‘ sses Case 6
=)
v
M 4
=
T
- 4
8
= i
L]
1]
>
- i
Q
QD
=]
% 4
[=]
p-d
............... ARty fr b ot 4 o4t o 40 4 1 ]
———— e e e e e D i ——
1500 2000 2500
Time (years)

Undecayed breakthrough curves for the first solute class with different matrix diffusion
strengths (top) and for the six solute classes with k = 0.0434 (bottom).

Figure 6.5.

179



25 4
ast 3
5. i
s F £as5 J v
= - y A
£ ¢ =g %
A 1 A 1.5 : 1
? __‘Er 1t ";
0.5 . \
0.5 i \‘
o - i} | T
0 20 40 60 80 100 0 20 40 60 B0 100
o x 10*
£ 5500 1
: oe
g 5000 5000}
& 5
E 4500 45001
0.4
g 40001 4000 o
a <q>/Mg (<> +0g) Mg
: 50 e pr S 50 00 °
= x 102
E 5 8 5500 0.1
g P 5000 0.08
E Q} 4 Q}
4500 0.0a
E 3
0.04
g 2
B asog 1 0.02
= <O g {=C> +oc) /Cg
50 100 e h =11} 100 0
Tirme [years) Tirme {yaars)
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0.0434 V9,000 = 4,117), Figure 6.10 presents the mass flux and concentration plots for 151Sm with
a half-life of 3,290 days. 131Sm is a rare-earth element with a high boiling point, low solubility and
high K for clays and zeolites, and thus has a behavior analogous to that of the actinides. The results
show very small concentration and mass flux values as compared to *H and 14C. The normalized
peak of the mean plus one standard deviation of concentration is about 7.0 x 10-12 and occurs at about
900 years and 1,400 m from the divide. Table 6.2b shows some higher concentrations for other
elements in Case 6 due to longer half-lives.

More similar to Milrow, the results for Cannikin show a great sensitivity to the matrix diffusion
parameter. For tritium, the peak is increased about six orders of magnitude and occurs much earlier (at
about 20 years) than in the base case (compare Figure 6.11 and Figure 5.33). As mentioned earlier, the
short half-life of 3H magnifies the effect of this parameter. For 14C, the normalized peak of the mean
concentration increases by two orders of magnitude and occurs at about 30 years in this sensitivity case
(compare Figure 6.12 and Figure 5.34). The effect of this parameter is less dramatic than it was for >H,
Other radionuclides show similar sensitivities to the matrix diffusion parameter as shown in Table 6.3a
and Table 6.3b, with the effect being dependent on the radionulclide’s half-life.

6.1.3 Colloid Transport

The most extreme sensitivity case regarding matrix diffusion is to consider no diffusion at all.
Given the high porosity measured for rocks from Amchitka, this is physically reasonable only if the
conceptual model is one of porous medium flow, rather than fracture flow. This scenario was
evaluated during the parametric uncertainty analysis and transport times were much longer for
porous medium flow with no matrix diffusion than for fracture flow with matrix diffusion. However,
there is one transport mechanism within the conceptual model of fracture flow that could allow for
unretarded transport, and that is transport via colloids.

Colloids are submicrometer-size suspended particles that can be mobile in groundwater and
have the potential to enhance transport of non-soluble contaminants through sorption. Buddemeier
and Hunt (1988) demonstrated that colloids can play a role in moving relatively insoluble
radionuclides (particularly rare-earth fission products such as 1°1Sm) away from underground
nuclear tests. This transport process has been proposed to explain the occurrence of very low
concentrations of plutonium (Pu) 1.3 km from an underground nuclear test on the NTS (Kersting
et al., 1999). The ability of colloids to migrate significant distances and move significant mass is
questionable, particularly under the geochemical conditions of a saltwater intrusion environment.
Of particular concern are the reversibility of radionuclide sorption onto colloids, attachment of
colloids to fracture walls, and aggregation with resultant filtering of colloids. These processes and
experiments studying them are described by Triay et al. (1997).

The IAEA evaluated the issue of fast plutonium transport via natural colloids as one extreme
of their K; model. They assumed that 10 percent of the plutonium did not undergo sorption, but they
only applied this scenario to the 12 “CRTV” tests (tests where the cavity breached the volcanic cover
and was in direct contact with highly permeable carbonates). The readily anticipated result was rapid
breakthrough of plutonium into the adjacent lagoon, leading to the conclusion that if colloids
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occurred and did not undergo sorption, they could induce an early breakthrough of plutonium, with
the magnitude proportional to the proportion of plutonium fixed on the colloids. The IAEA (1999)
emphasized that sampling at the atolls provided no evidence of the presence of natural colloids. In
addition, they observed that “...the measured radionuclide concentrations in the waters of the
cavity-chimney and the monitoring wells (Appendix V, Tables V.4, V.6 and V.11) as well as the Ky
values calculated from these measurements (Appendix V, Table V.10) do not support the hypothesis
of an accelerated plutonium or 241Am transport by colloids.”

Modeling to simulate colloid transport of radionuclides is essentially a simplification of the
transport calculations performed previously; no retardation is included, either through sorption or
matrix diffusion. The result of such a sensitivity is readily predictable: breakthrough will be faster
and with higher mass than for situations including the retardation processes. As found by the IAEA,
the impact will be directly proportional to the amount of radionuclide mass assumed to migrate on
surfaces of colloidal particles and its release function. The amount migrating on colloids at
Amchitka is unknown though reasonably expected to be quite small. The release apportioning
assumed throughout the modeling here, that five percent of the refractory elements are available for
immediate migration, is conservative and can be easily argued to be much smaller based on nuclear
test studies.

Despite the lack of constraints on the sensitivity analysis, representatives of the State of Alaska
Department of Environmental Conservation requested that transport calculations be performed that
assume five percent of the mass of otherwise immobile radionuclides travels as colloids. The
colloid-transport case was run for Long Shot because it was the only test displaying breakthrough
of the Class 6 (refractory) radionuclides, though only for the matrix diffusion sensitivity case (see
previous section). The results for 151Sm are shown on Figure 6.13 for comparison with the matrix
diffusion sensitivity case with 151Sm breakthrough. The rare-earth elements have high boiling
points, low solubilities, and high sorption to clays and zeolites. They have also already been
implicated in colloid transport at the NTS (Buddemeier and Hunt, 1988) and as such are good
analogs for plutonium and other actinides. 151Sm is chosen over 152gy for its longer half-life (90
versus 13 years), as decay significantly impacts the effect of velocity variations and most of the
radionuclides of interest for colloid transport are longer lived.

Comparing the peak mass breakthrough of 151m for the low matrix diffusion sensitivity case
with the case of no matrix diffusion or sorption shown here indicates an increase in peak mass of
over 10 orders of magnitude for both the mean and standard deviation. Using a unit mass, the
reasonableness of the State of Alaska scenario cannot be evaluated in terms of predicted
concentration. However, once scaled by the classified data, the colloid concentrations resulting from
this scenario can be evaluated in terms of solubility limits, colloid stability, and colloid concentration
to determine if they are consistent with knowledge of radionuclide transport by colloids.

6.1.4 Transient Responses to Sea Level Change

As discussed in regard to the steady-state assumption of the conceptual flow model, the most
significant transient process for the Amchitka groundwater system is the rise and fall of sea level
in response to glacial cycles. These transients are documented as going in both directions: increases

192



7 3
6 25
=
L £ 2,
54 —
2 21514
A 3 A \
e} g 1
v o2 v \\\
05 \
1
‘~.~_____
06 100 200 300 400 °o 100 200 300

Distance from GW Divide (m)

Distance from GW Divide (m)

<C>/C 0

0 100 200 300 400
Time (years)

(<a> +3q) Mo
200 300 400
e 0.02
0.015
0.01
10.005
(<C> +og) ICp
0

100 200 300

Time (years)

400

Figure 6.13. Resuits of simulating that five percent of the 15!Sm travels unretarded, simulating

colloid-facilitated migration.

193



in sea level of up to 76 m above current sea level and decreases of as much as 91 m below current
sea level have been identified by mapping marine terraces (Gard, 1977). The last major regression
is estimated to have ended about 127,000 years ago, whereas the last major transgression presumably
peaked in late Wisconsinian time, on the order of 10,000 years ago (Gard, 1977). As a result, the
scenario of concern is that of a mean sea level lower than that today, followed by a rise to current
sea level, and the response of hydraulic head and groundwater chemistry to that sea level increase.

This sensitivity was performed for the Cannikin site, as it has the largest discrepancy between
pressure and chemical data. A representative flow realization was selected and the modeling
parameters held constant. Using the site’s bathymetry, decreasing the sea level pressure boundary,
and increasing the recharge area to include the area between the current shoreline and 30 m below
current sea level, equilibrium head and chemical distributions were generated. Then the sea level
was instantaneously increased to its present level and the system’s reaction to this change monitored
for 5,000 years.

The results show the large difference in the response times of the pressure and chemical systems
that the conceptual model suggested. Within 100 years of the sea level rising 30 m, the head in the
freshwater lens and in the underlying seawater body are very close to their new equilibrium values
(Figure 6.14 and Figure 6.15). Heads within the transition zone slowly approach their stable values
over a couple of thousand years, but they differ from the equilibrium value by generally less than
10 m. The transition zone heads actually move in a rebounding fashion, re-approaching the lower
initial values after rapidly increasing from the pressure change. This reflects the impact of density
on the environmental head as the salinity profile slowly changes. In contrast, after 100 years from
the sea level rise, the chemical profile is a little different from that in equilibrium with the
30-m-lower sea level. The simulations do not approach a new equilibrium for at least 2,000 years
across much of the transition zone. For example, the Cl concentration at a depth of about 2,000 m
below land surface at the location of UAe-1 begins at a concentration of about 5,200 mg/L under
the lower sea level condition. One hundred years after the sea level rises, it has increased to only
7,600 mg/L, after 1,000 years it is about 12,600 mg/L, and another thousand years brings it to 14,000
mg/L. After 5,000 years, the salinity is at about 15,600 mg/L.

This slow modeled response in the chemical system is probably overly rapid compared to
reality because the process of matrix diffusion is not included in the simulation (it is simulated in
the radionuclide transport calculations through the particle tracking). The equilibration presented
in Figure 6.14 is a result solely of the varying velocity field. Presuming that the low sea level stand
was of sufficient duration to equilibrate the matrix blocks as well as fractures with fresh water, the
equilibration time as sea level rose would exhibit an even longer tailing as fresh water diffuses from
the blocks and more saline water diffuses into them.

The significance of this sensitivity analysis is that it substantiates the conception that of the two
sets of calibration data, the head data are more likely tobe in equilibrium with the current conditions
than the groundwater chemicat data. Comparing the chemical data from UAe-1 to the simulation,
many of the data appear representative of a much lower sea level condition than present, a situation
consistent with the 14C age dates in excess of 8,000 years. At Milrow, the large degree of vertical
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spreading evident for the transition zone in the groundwater chemical data may also be due to the
slow chemical equilibration to sea level changes, again indicating that dispersion observed in the
chemical profile represents a transient effect.

6.1.5 Island Half-Width

As discussed in Section 2.1.1, the conceptual model for groundwater flow at Amchitka
assumes that a groundwater divide runs along the long axis of the island, separating flow to the
Bering Sea on one side and flow to the Pacific Ocean on the other. The position of the divide is also
assumed to coincide with that of the surface water divide. This assumption can be called into
question due to the observation of asymmetry in the freshwater lens beneath the island (Fenske,
1972). This asymmetry is supported by the data analysis and modeling performed here, which
suggests that the freshwater lens is deeper at Long Shot and Cannikin than at Milrow.

Not only is there uncertainty as to whether the groundwater and surface water divides coincide,
there is additional uncertainty in the location of the surface water divide itself, as the topography
of the island in the area of the nuclear tests is very subdued. The surface water divide was estimated
using a detailed series of topographic maps at a scale 1:6,000 and with a 10-foot contour interval,
created for Amchitka by the U.S. AEC (41 map sheets known as the Amchitka Island Map Atlas;
Holmes and Narver, 1976). Despite this resolution, the distance between 10-foot elevation contours
can reach over 100 m in places.

To understand the impact of this uncertainty on the groundwater modeling, several sensitivity
cases were evaluated. In these, the island half-width was assumed to be 200 and 400 m wider than
the estimate for Milrow, and also assumed to be 200 and 400 m narrower than used in the base-case
model. For reference, the base-case half-width used at Milrow is 2,062 m so that plus and minus 10
and 20 percent differences are considered here. One realization was used for these calculations, one
i which the cavity is located in the freshwater lens. It shows a 100 percent mass breakthrough and
has the parameter values K = 2.34 x 102 m/d, Rech = 1.82 cm/yr and 8 = 1.62 cx 104,

Varying the island half-width both affects the depth to the transition zone (through varying the
land surface available for recharge) and the position of the cavity in the flow system (by virtue of
changing the distance from the test to the no-flow boundary). These effects can be seen on
Figure 6.16 and Figure 6.17. Reducing the island half-width decreases the depth of the transition
zone, and cuts the distance between the cavity and the transition in half for the 400-m-shorter
half-width. Conversely, the transition zone is deepened by an increasing half-width, increasing the
distance from the cavity to the transition zone by a factor of two for the 400-m-wide island. The
flowpath distance to the seafloor from the cavity is also affected, lengthening for a wider island and
shrinking for a smaller one.

The impact of these various configurations on transport is shown in Figure 6.18. What is first
obvious from the breakthrough curves is that a difference of +200 m in the island half-width has
a limited influence on the breakthrough behavior, despite the transition zone moving up or down a
couple of hundred meters. This sensitivity can be expected to be higher if the cavity is positioned
closer to the transition zone than evaluated here. Once the half-width changes by 20 percent,
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however, a noticeable impact on the breakthrough is observed. A 400-m-longer half-width leads to
an earlier breakthrough of mass at a peak flux about two times larger than the base case. A
400-m-shorter half-width results in a delay in breakthrough at a peak mass about five times lower
than the base case.

If the half-width estimates are in error in the site models, the noted asymmetry in the freshwater
lens can be used to infer the direction of the error. As the transition zone is more shallow at Milrow
than the Bering-side sites, it is possible that the groundwater divide may be closer to the Pacific side
of the island. If so, the Milrow breakthrough results in Section 5 would be too high and the Long
Shot and Cannikin results too low. From the sensitivity runs, the magnitude of this potential error
is probably on the order of a factor of two or three. It is important to note that the flat topography
and ready availability of recharge do not support a groundwater divide largely different from the
topographic divide. The asymmetry in the freshwater lens may be due to hydrogeologic factors other
than the half-width, such as hydraulic conductivity, variations of which are accounted for in the
site-specific calibrations.

6.1.6 Geothermal Heat

This Section describes the impacts of including geothermal heat in the Milrow model (referred
to here as the geothermal model). The availability of hydraulic head, concentration, and temperature
data sets and their high degree of confidence at Milrow make this site the most suitable for the
sensitivity study of geothermal effects. These simulations are run using FEFLOW, and use the same
two-dimensional finite-element mesh as the Milrow isothermal flow simulations described in
Sections 2, 4, and 5. The geothermal model is configured to simulate pre-nuclear test conditions;
therefore, the chimney is not included and K and 6 are treated as homogeneous properties throughout
the domain. With the exceptions noted below, values of the groundwater flow parameters are the
same as the values used in the calibrated flow model of Milrow (as described in Section 2.4.1). These
values, as well as the values of the parameters required for the geothermal component are listed in
Table 6.4. Fluid density and viscosity are dependent on both concentration and temperature, based
on a nonlinear relationship of density to temperature incorporated in the FEFLOW code. The value
of rock volumetric heat capacity, ¢;@;, is estimated from a specific heat capacity, ¢, of 0.84 J/gm-°C
determined from EH-1 core samples (Greene, 1965) and an average rock density, g, of 2.3 gm/cm?
determined from laboratory derived dry bulk density values of core samples from UAe-1, UAe-2,
UAe-3, and UAe-6 (Lee, 19693, b, c, d) and the lithologic log of UAe-2 (Ballance, 1968). The value
of rock thermal conductivity, 4, is estimated from laboratory tests of core samples from EH-1
(Greene, 1965). The volumetric heat capacity and thermal conductivity of water are FEFLOW
default values.

Temperature profiles measured in several deep Amchitka Island boreholes (Sass and Moses,
1969) guide the choices of fixed temperature boundary conditions. UAe-2 displays the highest
temperature gradient of all the Amchitka boreholes, a gradient of 3.2°C per 100 m. This gradient
is considerably higher than an average crustal value of 2.5°C per 100 m reported by Freeze and
Cherry (1979), presumably as a result of volcanic activity along the Aleutian Ridge. Extrapolation
of the UAe-2 profile to ground surface indicates a mean annual ground-surface temperature of about

201



4°C and this value is used for the temperature boundary along the upper surface of the model. This
is consistent with the 3.9°C daily mean temperature noted for Amchitka (Armstrong, 1977).
Likewise, the temperature of 125°C specified at the bottom boundary of the model is estimated by
extrapolating the UAe-2 temperature profile to an elevation of -4,000 m AMSL. Temperatures
specified along the right (seaward) boundary vary linearly with depth from 4°C at the top to 125°C
at the base. The specified-recharge and concentration boundary conditions are the same as those used
in the calibrated isothermal model, but the specified-head boundaries now account for the buoyancy
effect imparted by the increased geothermal temperature at depth.

Table 6.4.  Values of parameters used in FEFLOW for simulations incorporating geothermal heat.

Parameter Value
Horizonta! Hydraulic Conductivity, K 6.77 x 103 m/d
Vertical Hydraulic Conductivity, Kz 6.77 x 104 m/d
Specific Storage, S; 1.0x 104
Recharge, Rech 1.125 cm/yr
Fracture Porosity, 8 50x 104
Mass Longitudinal Macrodispersivity, A 100 m
Mass Transverse Macrodispersivity, Ay iOm
Mass Diffusion, D* 1.0 x 109 m?/s
Density Ratio 0.025
Rock Volumetric Heat Capacity, 0sCs 1.9 x 108 J/m3C
Water Volumetric Heat Capacity, 0oco 4.2 Jim3C
Rock Thermal Conductivity, A 2.59 J/m3C
Water Thermal Conductivity, A 0.56 J/m>C
Thermal Longitudinal Dispersivity, By 100 m
Thermal Transverse Dispersivity, Br 10m
Water Density and Viscosity, o and po 6th order function of temperature

The geothermal sensitivity run adds geothermal heat to the base-case Milrow model, with the
values of all flow parameters unchanged from the base-case model. Thermally driven buoyant flow
caused by the geothermal gradient in this case increases the vertical upward flux below the island
and shifts the transition zone almost 200 m higher relative to the isothermal case (Figure 6.19). At
the transition zone, this increased vertical flux is then directed seaward, resulting in higher velocities
along the transition zone as compared to the isothermal case. Despite these differences, the overall
patterns of flow are similar to the isothermal case.

The upward and left (toward the divide) components of velocities simulated below the
transition zone are both larger due to the buoyancy-driven flow simulated in the geothermal model.
Higher flow rates mean that velocities near the working point, which is located below the transition
zone at Milrow, are higher when including the effects of geothermal heat (Figure 6.20). The vertical
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Figure 6.19. Comparison of profiles of head, concentration and temperature simulated by the
isothermal and geothermal models, and values measured at UAe-2.

and horizontal velocities at the Milrow working point are about twofold higher in the geothermal
model. Velocities higher than the isothermal model are generally maintained along the predicted
flowpaths from the working point toward the sea, suggesting that inclusion of geothermal heat in
the model simulations has the effect of reducing contaminant travel times for the Milrow and
Cannikin sites where the working points are below the transition zone in many of the realizations
considered.
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The comparison of non-decayed, non-retarded breakthrough curves shows the impact of the
higher velocities for the geothermal as compared to the isothermal case (Figure 6.21). The
geothermal case exhibits more rapid breakthrough and a peak mass value between three and four
times higher than in the isothermal simulation. Recall that this difference applies only when the
transition zone is at or above the test cavity and that the impact of including geothermal heat is
minimal above the transition zone as can be seen from the velocity profiles of Figure 6.20.
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Figure 6.21. Comparison of mass breakthrough at the sea floor for non-decayed, unretarded, solutes
under isothermal conditions and geothermal conditions.

6.2 Three-Dimensional Sensitivity Studies

The modeling presented thus far uses a two-dimensional (2-D) perspective to analyze the flow
and transport problem. As discussed in Section 2.1.1, the island hydraulic environment lends itself
to a 2-D approach. The 2-D vertical formulation of the base-case model relies on the assumption that
groundwater flow is essentially perpendicular to the long axis and shoreline of the island, such that
the mesh configuration is parallel to this flow. This simplifying assumption is considered reasonable
for the conceptual model and is significantly more computationally efficient than a fully
three-dimensional (3-D) formulation. However, there are several conceptual model assumptions
that require a 3-D approach to analyze and this in turn causes an evaluation of the effect of neglecting
the third dimension in the majority of modeling.

The 3-D density-dependent flow and mass transport simulations are run using the FEFLOW
code. The coordinate directions of the models are such that x and z are the same as in the 2-D case
and the third dimension of y is the horizontal distance parallel to the shore. The finite-element mesh
geometry of each vertical slice in the 3-D models is identical to the mesh geometry of the 2-D
Cannikin model, with the addition of a width of each element in the y direction (perpendicutar to
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the axes of the 2-D model). Each slice is of uniform width such that there is no variation in model
geometry across the overall width of the model.

All of the sensitivity studies presented here are applied to three realizations out of the 260 run
for the Cannikin model in 2-D. The three realizations were chosen to span the gamut of breakthrough
behavior observed in the simulations, ranging from about 28 percent to 60 percent to almost 100
percent breakthrough at the ocean floor (Figure 6.22). The 260 realizations were first categorized
according to amount of breakthrough and porosity and three realizations were selected that spanned
the breakthrough range but had virtually identical porosity (the realizations selected all have a
porosity of about 2.67 x 104). As already demonstrated, the velocity field is very senmsitive to
porosity, so it was held constant to reveal the impact of the sensitivity cases. The
recharge-conductivity ratios of these three realizations were then used for the sensitivity modeling
to derive the velocity field for particle tracking. Note that these ratios result in poor fits to the
calibration data in some cases, but the objective here is simply to assess the possible impact on
breakthrough. The three realizations encompass the variety of positions of the transition zone
relative to the test cavity that result from the various parameter combinations.
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Figure 6.22. Selection of realizations for 3-D modeling. Three realizations were chosen from the
Milrow simulations that covered the range of breakthrough behavior (percent mass
breakthrough at the ocean floor), but that had very similar porosity values. The
corresponding recharge-conductivity ratios were vsed in the 3-D modeling.
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The relative position of the transition zone to the Cannikin cavity for the three selected
realizations can be seen in Figure 6.23. Though these realizations were selected from the Monte
Carlo realizations generated for Cannikin, the various positions of the transition zone relative to the
cavity allow them to represent flow fields possible for all three tests. The realization with the
transition zone well below the cavity is representative of Long Shot. The realizations with the cavity
within and below the transition zone are likely to be more representative of Milrow and Cannikin.

6.2.1 Flow in the Rubble Chimney

The rubble chimney formed in response to a nuclear explosion disrupts the natural state of the
surrounding rock, creating heterogeneity in the spatial distributions of K and porosity. Unlike the
homogeneity assumed for the natural rock, the changes in X and porosity are a limited local feature,
centered over the working point of the nuclear test. The 2-D formulation correctly accounts for the
vertical boundaries of the chimney only in the direction parallel to the mesh configuration (the x-axis
of the model), i.e., parallel to the natural flow direction, and treats the chimney as extending
infinitely in the lateral direction (perpendicular to the model mesh and perpendicular to the natural
flow direction). The implication is that the 2-D model treats flow in the chimney as occurring in an
infinitely wide feature (that is, wide in the direction perpendicular to the 2-D mesh). In reality, the
chimney is only as wide perpendicular as it is parallel to natural flow, and can be treated realistically
only in a 3-D model.

The geometry of the model representing 3-D flow in the rubble chimney is based on the
Cannikin site to be consistent with the model incorporating heat derived from the Cannikin nuclear
test (described in section 6.2.2 below). The model is comprised of 15 100-m-wide vertical layers
of elements, giving a total model width of 1,500 m perpendicular to the natural flow direction
(Figure 6.24). There are, therefore, 16 vertical layers of nodes separating these layers. The location
and configuration of the chimney in the x-z plane is identical to the chimney in the 2-D Cannikin
simulations, and extends across three slices, or 300 m, in the center of the 3-D domain. The chimney
is simulated as a vertical, rectangular column having a width in the x-y plane of about two R., where
R, is the cavity radius (estimated to be 157 m). The hydraulic properties of the rock beyond this
radius are considered to be not significantly affected by the nuclear explosion and are assigned the
background values of K and porosity. LAC (1998) modeled filling times of underground nuclear tests
at Mururoa and Fangataufa atolls under several scenarios of fracturing beyond the cavity and
concluded that observed filling rates are consistent with very little damage (fracturing) outside the
cavity/chimney.

Boundary conditions and values of the groundwater flow and mass transport parameters for
the three realizations are shown in Table 6.5. Conceptually, the rubble chimney acts as a conduit that
promotes vertical flux, given the higher vertical conductivity in that region. Modeling the chimney
in 3-D provides the geometry required to simulate groundwater entering the chimney from all radial
directions, rather than the two directions allowed by the 2-D representation. Similarly, horizontal
flow may exit the chimney at the transition zone in radial directions other than the seaward direction
simulated in the 2-D model.
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Figure 6.24. Design of finite-element mesh used for the 3-D model of flow in the Cannikin cavity
and rubble chimney. All vertical layers are 100 m wide.

Table 6.5. Values of parameters used in three-dimensional simulations incorporating the rubble chimney.

Parameder Realization #1 Realization #2  Realization #3 Al Cases

Hortzontal Hydraulic Conductivity, Ke and Ky, 186x10° mid  6.48x10~ mid  1.78x10°7 mid

Vertical Hydraulic Conductivity, Kz LAGK10? mid 6.4Bx10*mid  1.78x10* mid

Cavity and Chimney, Key, Ky and K L86x102 mid  6.48x10-7 mid  1.78x10° mid

Specific Swrage, S 1.x10

Recharge, Rech 6.13 cmiyr 3.33 emfyr 1.89 codyr

Fracture Porosity, & 2.81x104 2.71x1074 2.67x104

Chimney Porosity 047

Mass Longitudinal Macrodispersivity, Ap 100

Masa Longitudinal Macrodispersivity, Ar 10

Mass Diffusion, D* 1.0x10°? méfs
0,025

Density Ratio




The impact of considering 3-D flow can be seen by comparing Figure 6.25 to Figure 6.23. The
3-D formulation results in the transition zone being simulated as shallower than in the 2-D case with
the same parameter values. The magnitude of the change is largest for the highest
recharge/conductivity ratio (the transition zone moves upward by about 500 m). Despite this, the
test cavity remains in the freshwater lens and thus flow velocities from the cavity are not impacted
significantly. The Jowest ratio recharge/conductivity case sees the transition zone move upward by
about 100 m, placing the cavity further into the low velocity saltwater zone.

The effect of the chimney on the transport results is larger in 3-D than in 2-D (Figure 6.26).
In 2-D, the two realizations with the cavity in or below the transition zone experience more
breakthrough of mass in the 2,200 year model timeframe (28 vs. 18 percent mass breakthrough for
realization #1, 52 vs. 33 percent for realization #2). With the transition zone below the cavity, both
the 2-D and 3-D calculations result in 100 percent breakthrough in the model time frame, but the
breakthrough is later and spread over more time for the 3-D case. The result is that the 2-D model
underestimates the effect of the chimney on slowing particle velocities, neglects dispersion in the
third dimension, and results in slightly earlier breakthrough with higher mass than the 3-D case. This
result is true for all three recharge/conductivity ratios and indicates that the use of the 2-D
approximation for transport from the cavities is conservative.

The impact of the chimney on the flow field for the three cases of recharge/conductivity ratio
is to cause the transition zone to be pushed deeper than in the base case that does not include the
chimney (compare Figure 6.27 with Figure 6.25). The difference is on the order of a couple of
hundred meters at most, and does not drastically aiter the position of the transition zone relative to
the cavity. Darcy velocities in the upper portion of the chimney are higher in the 3-D formulation,
and are directed downward from ground surface toward the transition zone. Because the chimney
is simulated as extending to ground surface, it captures a larger proportion of recharge through radial
flow into the chimney than the 2-D formulation, and this may account for the resulting deeper
transition zone.

The greater flux through the chimney causes lateral spreading of particles originating in the
cavity, a process that does not occur in the 2-D model. Comparing particle trajectories and
distribution for 3-D realization #1 with and without the chimney (Figure 6.28) shows the plume
width closely approximating the cavity size when the chimney is not included. With the chimney,
lateral spreading (parallel to the shore) occurs, at least doubling the width of the plume. Some of
the spread even occurs away from shore, toward the groundwater divide. The lateral spreading is
due to the higher flux, induced by the high vertical conductivity, exiting in all directions from the
chimney conduit. The net effect will be lower contaminant concentrations as the plume is diluted
with a larger volume of groundwater.

The impact of the chimney on the transport results for the three cases is dramatic (Figure 6.29).
Without the chimney, all three realizations experience breakthrough of 100 percent of the mass in
the 2200-year model timeframe. When the chimney is included, only the case with the transition
zone well below the cavity has complete breakthrough, and even then the breakthrough is spread
over a much longer time. The large impact is not related to the relatively minor effect of the chimney
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Figure £.25. Salinity in the island groundwater system, expressed as concentration of chloride in

E = E = . .
mg/L, for the three select realizations, for the 3-I) model including the nuclear chimney.
Compared to the 2-D mode] (Figure 6.23), the transition zone is shallower.
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Note: This is the best available image provided by DOE.
(ADEC 12-2-02)
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Figure 6.26. Breakthrough of undecayed, non-retarded particles in 2-D and 3-D domains with both
including a nuclear chimney. Each graph represenis a different case of
recharge/conductivity ratio.
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Figure 6.28. Particle trajectories for flow in the Cannikin domain with and without the nuclear
chimney simulated, for 3-D realization #1.
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the transition zone, but rather is due to the large difference in effective porosity between the chimney
and the aquifer. The chimney porosity is 7 .0x1072, based on observations of infill behavior, whereas
the aquifer porosity in these three realizations is 2.67x10%, simulating fracture flow. The time of
initial and peak breakthrough is approximately the same for the chimney and non-chimney cases;
this indicates that for the chimney cas, it is those particles very near the cavity edge (which rapidly
escape the cavity to enter the undisturbed aquifer) that account for the first breakthrough. The lower
mass for the peak breakthrough in the chimney case reflects the small percentage of particles that
have that position. The remainder of the mass is released over hundreds of years as it moves at slow
velocity through the cavity and chimney.

6.2.2 Cannjkin Take

The Cannikin explosion cavity was created instantancously by the nuclear test, and 38 hours
later the overlying material collapsed into the void and chimneyed up to land surface. A closed
depression was formed, but rather than a circular crater centered on ground zero as typically seen
atthe NTS, an asymmetric, roughly triangular-shaped collapse occurred, centered over a point about
360 m southeast of ground zero. The form of the sink is controlled in part by one northwest-trending
and two east-trending faults (Morris and Snyder, 1972). The maximum amount of subsidence is
about 12 m (Morris, 1973). Morris and Snyder (1972) suggest that the displacement of the sink
relative to the cavity may be related to stoping normal to the lithologic bedding planes as the roof
of the cavity failed along successive bedding surface during collapse.

Eighty-four percent of the White Alice Creek drainage area was temporarily transformed into
a closed basin and nearly all the flow was diverted toward the cavity (Gonzalez, 1977). There was
no visible filling of the depression for more than 10 months, a period interpreted as the time that the
cavity and chimney were resaturating. Starting in September 1972, a lake began to form in the
depression, and Cannikin Lake was filled in December 1972 when overflow into the lower reach
of White Alice Creek occurred and on to the Bering Sea. The surface area of the lake is reported as
121,400 m2, with a maximum depth of 10 m (Dudley et al., 1977).

Though part of Cannikin Lake probably does not overlie the chimney directly, the relationship
between the filling of the Lake and infill of the cavity and chimney (as reported by Claassen, 1978)
demonstrates that there is some hydrologic connection between the features. The impacts of the
formation of Cannikin Lake subsequent to the Cannikin nuclear test were investigated using an
isothermal 3-D density-dependent flow and mass transport model utilizing the FEFLOW code. The
3-D model incorporating the rubble chimney was modified to include the lake as a zone of
specified-head nodes on the top boundary. Other than this modification, the finite-element mesh
geometry, the hydrogeologic features (including the chimney), and the other boundary conditions
remained unchanged from the chimney model. As was done for the chimney model, the flow and
mass transport model incorporating Cannikin Lake is comprised of three cases of
recharge-conductivity ratio that cover the range of breakthrough behavior. The values of the
parameters used in this flow and mass transport model are the same as those used in the 3-D model
that included the rubble chimney.
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Cannikin Lake is represented as specified head nodes within a zone at ground surface having
horizontal dimensions of 600 m by 200 m (surface area of 120,000 m?), with the long axis oriented
parallel to the direction of natural groundwater flow toward the sea (Figure 6.30). Although there
is uncertainty as to the nature of the hydraulic connection between the lake, the shallow groundwater
system and the chimney itself, the model simulates the lake as covering two thirds of the chimney
and being in direct hydraulic connection with it at ground surface. The hydraulic head specified for
the lake is determined from the steady-state head simulated near ground surface at the inland edge
of the chimney in each of the three cases of the rubble chimney model discussed in section 6.2.1.
For each case, this head value is assigned 1o all boundary nodes on the top surface that are located
within the zone of the lake. Under pre-lake steady-state conditions, the profile of hydraulic head at
the top of the aguifer generally slopes toward the sea, interrupted only by a depression in head over
the more permeable rubble chimney. With the addition of the lake, hydraulic heads (represented by

EWrmmiicn nbove MEL.  {m)
ISP YY,

Figure 6.30. Design of finite-element mesh used for the 3-D model incorporating Cannikin Lake.
All vertical layers are 100 m wide.
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the lake elevation) range between about eight and 16 m above heads in the pre-lake underlying
aquifer on the seaward edge of the lake, depending on the recharge-conductivity case. This large
head difference provides a very large source of recharge to the rubble chimney and surrounding
shallow aquifer that is maintained throughout each simulation, and limited only by the conductivity
of the chimney and aquifer materials. The flow and mass transport model of FEFLOW is run until
steady state is reached and the effects of recharge from the lake are fully incorporated in the
distributions of concentration, head, and velocity. At this point the velocities are saved and used as
input for the radionuclide transport models.

Examination of undecayed, non-retarded mass transport for the three realizations shows little
change in the breakthrough curves for the three realizations (Figure 6.31). The percentage of mass
breaking through at the sea floor is slightly higher for realizations 1 and 2 (by two to three percent
for the cases with the cavity below and in the transition zone). These results suggest that the impact
of neglecting the lake on the flow and transport results in section 5 is minimal compared to other
sources of uncertainty.

6.2.3 Heat Derived from Nuclear Test

The energy released by a nuclear detonation is partly consumed through ground motion, and
vaporizing and melting rock, but also results in a large increase in temperature in the cavity. This
thermal pulse dissipates with time by conduction through the geologic material and convection
through groundwater. While temperatures in the cavity region remain above ambient, they affect the
groundwater flow system and alter geochemical reaction rates that are temperature dependent. In
their analysis of underground nuclear tests in the South Pacific, the International Atomic Energy
Agency (IAEA, 1998) evaluated the thermal impact of the tests. It was found that the temperature
difference with ambient temperature decays to zero over a period of about 500 years. The hydrologic
impact was to create a vertically upward flowpath above the cavity-chimney, driven by thermal
buoyancy. Thermal impacts of the Cannikin test are investigated here to address concerns about
buoyancy-driven movement of water heated by the nuclear test.

The impacts on flow patterns and radionuclide transport caused by heat derived from the
Cannikin nuclear test are addressed using a 3-D density-dependent flow and mass transport model.
These simulations are run using the FEFLOW code and the same mesh geometry and hydrogeologic
features as used for the 3-D simulations of flow in the rubble chimney (Figure 6.32).

In an analysis of subsurface hydraulic and chemical data collected from the Cannikin test,
Claassen (1978) reports that hydraulic recovery occurred relatively rapidly, with chimney voids
nearly filled within 280 days after the test. Rapid filling of the chimney with cooler water from
surrounding aquifers also caused the chimney region to cool relatively rapidly; cavity temperatures
had declined to about 35 to 40°C above pre-test ambient temperatures 280 days after the test, as
measured in re-entry hole UA-1-pl. Although the South Pacific tests were of much smaller
magnitude than the reported yield of Cannikin, the IAEA (1998) reports that nuclear explosions in
basalt result in temperature increases between 25 and 50°C, regardless of yield. IAEA (1998) also
suggests that for the purposes of hydrologic modeling, the initial temperature increase is confined
to a region within 1 R, of the working point, because simulation of heat transfer by conduction
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Note: This is the best available image provided by DOE.
(ADEC 12-2-02)
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Figure 6.31. Breakthrough of a non-decayed, unretarded, solute using the steady velocity fields
generated from isothermal simulations with and without including Cannikin Lake above

the chimney.
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Figure 6.32. Design of finite-element mesh used for the 3-D model incorporating heat
derived from the Cannikin nuclear test. All vertical layers are 100 m wide.

outside this radius will occur very slowly, In the present model, nodes within 1 R, of the working
point are assigned an initial temperature of 50° C above the pre-test ambient temperature. All other
nodes are assigned an initial temperature of 4°C, the mean annual ground-surface temperature.

Three cases of the model are run, with values of the groundwater flow and mass transport
parameters the same as the three cases of the 3-D chimney model, spanning the range of
recharge/conductivity ratios included in the 2-D Monte Carlo analysis. The values of the thermal
parameters are the same values used in the geothermal model (section 6.1.6). All of the values are
shown in Table 6.6, Geothermal aspects would be overwhelmed by the large thermal pulse simulated
here, so for reasons of computational efficiency, the geothermal process is not incorporated. Instead,
the upper, lower, and right side temperature boundaries are assigned values of 47C.




Table 6.6. Values of parameters used in three-dimensional simulations incorporating heat derived from

the Cannikin test.

Parameter Realization #1 Realization #2 Realization #3  All Cases
Horizontal Hydraulic Conductivity, 1.86x102 m/d  6.48x102m/d 1.78x10"2 m/d
Kyx and K,y
Vertical Hydraulic Conductivity, Ky, 1.86x103 m/d  6.48x103 m/d  1.78x10"3 m/d
Cavity and Chimney, Ky, Kyy and K, 1.86x102 m/d 6.48x102 m/d 1.78x10°2 m/d
Specific Storage, Ss 1.x104
Recharge, Rech 6.13 cm/yr 3.33 cm/yr 1.89 cm/fyr
Fracture Porosity, 6 2.81x10¢ 2.71x104 2.67x10*
Chimney Porosity 0.07
Mass Longitudinal Macrodispersivity, Ay, 100
Mass Longitudinal Macrodispersivity, Ay 10
Mass Diffusion, D* 1.0x10°% m?%/s
Density Ratio 0.025
Rock Volumetric Heat Capacity, ggcs 1.9 x 108 J/m3C
Water Volumetric Heat Capacity, gpcp 4.2 Jym3C
Rock Thermal Conductivity, Ag 2.59 J/im3C
Water Thermal Conductivity, 4y 0.56 J/m3C
Thermal Longitudinal Dispersivity, 8, 100 m
Thermal Transverse Dispersivity, Sr 10 m
Water Density and Viscosity, gp and gy 6th order function

of temperature

Initial Temperature in Cavity 54°C
Initial Ambient Temperature 4°C

The results show temperatures in the cavity region remain elevated above pre-test temperatures
for hundreds of years (Table 6.7 and Figure 6.33). Within 2 R, of the cavity, temperatures rise to no
more than about 8°C above pre-test temperatures and show very slow declines to pre-test levels.
Thermal effects are minor at distances greater than about 4 R, from the working point.

Table 6.7.  Locations of selected points around the Cannikin cavity and chimney where temperatures are
presented in Figure 6.33.
Point No. Location
1 Working point (WP)
2 3 R; above WP
3 5 R, above WP
4 5 R below WP
5 3 R¢ above and 5 R, seaward of WP
6 5 R above and 5 R seaward of WP
7 3 R above and 5 R, parallel to shore of WP
8 3 R¢ above and 5 R parallel to shore of WP

221



AsuARRsaAARS LERES RS ILAAAE R

Point 1 (Working Point)
Point 2 (3 R, above WF) '_
Point 3 (5 R, above WP)
All other points J

Temperature (°C)

400 600 800 1000

B0 rrrr TR T T T T T T
+—=+ Point 1 (Working Point)
50 - Pgint 2 (3 R, above WP) y
—o Point 3 {5 A above WF) ]
40 =4 Al gther points 3

Temperature (°C)
8

-\_-
100" = T ——e 1]
0 FPDUT PVUTE PP VTS THRITY PRTTY PrETY FETTT TTTes v ]
0 200 400 600 800 1000
GO T T T
*=— Point 1 (Working Point) ]
50 - Point 2 (3 R, above WP) b
+—o Point 3 (5 R, above WP) ]
40 —= Aj| gther points ]
30 .

Temperature (°C)

T TN

Time (years)

Figure 6.33. Variation of temperatures at selected points around the cavity and chimney, following
addition of heat derived from the Cannikin test. Each graph represents a different case of

recharge-conductivity ratio.
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The long-term elevated temperatures within the cavity cause thermally driven buoyant flow
in the cavity region for several hundred years. With the exception of the center of the cavity, upward
Darcy velocities within 2 R, of the working point reach maximum values about fivefold higher than
pre-test ambient values, followed by slow declines. Horizontal flow is enhanced as increased
vertical flow in the cavity/chimney drives lateral flow into the base of the cavity and out of the
chimney above the cavity. Though a maximum twentyfold increase in the vertical and horizontal
components of Darcy velocity is simulated at the working point, other points within 2 R. show less
than fivefold increases. Within 2 R, velocities return to near pre-test values within about 400 years.
The effects of heat-driven buoyant flow are small beyond 4 R, in both vertical and horizontal
directions.

The addition of thermal energy from the nuclear test has a limited impact on the position of
the transition zone for the three cases evaluated (compare Figure 6.34 and Figure 6.25). The
simulations with thermal input have slightly shallower transition zones, presumably due to thermal
buoyancy. Mixing induced by thermal convection cells is noticeable, however, when particle
movement is tracked. Increased spreading in the y-axis direction (parallel to shore) is easily seen
for realization #2 (Figure 6.35) and is believed to result from thermally driven flow exiting radially
from the chimney. The nuclear test heat drives some particles upgradient, thereby increasing their
flowpath length to the sea (Figure 6.36). This increased spreading may result in some particles being
effectively stranded in low velocity portions of the flow field once the heat pulse decays. This is not
observed in the transport results here because transport was calculated for the velocity field at 100
days after the test, not on the transient velocity fields. As a result, some of the particles simulated
at the seaward edge of the domain, particularly for realization #3 (Figure 6.37), would not be
expected to travel that distance in the transient flow field as they are located in the saltwater portion
of the domain that will rapidly return to very slow velocities as the heat pulse decays. Indeed, the
flow field directions return to near-steady state within 25 years of the test, so that particles forced
counter to the steady-state gradient by the thermal pulse (particularly those moved into the saltwater
portion of the domain) will then reverse, inducing a looping trajectory (Figure 6.38).

The impact of nuclear heat on the transport results varies greatly depending on the position of
the cavity relative to the transition zone (and thus the recharge/conductivity ratio) considered. The
evaluation of transport is performed for the velocity field at 100 days after the test, when the thermal
impact is still very large; as such, it overestimates the impact of the thermal pulse by maintaining
the high velocity field for the simulation time rather than allowing the velocities to decay. When the
cavity is below the transition zone, the inclusion of the 100-day nuclear thermal effect causes a
factor-of-three increase in the peak mass breakthrough, but the time of the peak breakthrough is
considerably delayed over the isothermal case (Figure 6.39). Over the model period of 2,200 years,
twice as much mass is calculated to discharge at the sea floor for the thermal case as compared to
the isothermal calculations. The same general behavior is found when the cavity is within the
transition zone, though the time delay between the isothermal and thermal peaks is greater and the
difference in peak mass reduced to less than a factor of two. The overall increase in total mass
discharged for the thermal case is one and one-half times the isothermal case. The impact of thermal
conditions on transport when the cavity is above the transition zone is minimal compared to the
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Figure 6.34. Salinity in the island groundwater system, expressed as concentration of chloride in
mg/L, for the three select realizations, for the 3-D mode] including the nuclear chimney
and heat from the nuclear test.
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Figure 6.37. Cross-section view of particle trajectories from the Cannikin cavity with and without
nuclear heat for realization #3 (transition zone below the cavity). The velocity field is
representative of 100 days after the test.
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Figure 6.38. A vertical 2-D view of particle trajectories showing the looping pattern in the 3-D thermal
model with nuclear heat.

isothermal situation; the thermal peak is very slightly delayed and of slightly lower magnitude than
the isothermal case, and both scenarios exhibit 100 percent breakthrough.

The thermal sensitivity runs indicate that neglecting the test-induced thermal effects is not
significant for Long Shot and indeed, it is more conservative to not include the thermal process. The
net result of neglecting the thermal impact for Milrow and Cannikin will depend on the half-life of
the radionuclide considered. If tritium is the nuclide of concern, the isothermal case will be more
conservative as it allows an earlier peak. Despite the higher mass calculated at later time for a
non-decaying solute under thermal conditions, a short-lived radionuclide mass will decay to
negligible amounts by the time the thermal-scenario peak arrives at the sea floor. In contrast, for a
long-lived radionuclide that experiences limited decay over 1,000-year time frames, the thermal
case will result in more mass being released over the model period, and higher peak fluxes.

6.2.4 Three-dimensional Formulation - Flow with Fault Zones

Numerous fault zones have been identified on the island by mapping lineation features on aerial
photographs (Carr et al., 1966) and by analysis of shipborne magnetometer and seismic surveys (von
Huene et al., 1971). Most of these faults strike in the east-northeast direction, roughly perpendicular
to the axis of the island (Figure 1.4), and dip steeply. Carr et al. (1966) report that the fault zones
are composed of highly fractured rock and may be up to thousands of feet wide, although little is
known about whether these zones increase or reduce the permeability of the rocks they transect. If
the fault zones have significantly lower permeability than the intervening rock, the faults will act
as barriers to groundwater flow, with flow oriented parallel to them toward the sea. This is the flow
pattern modeled in the 2-D cross-sectional models. However, if the fault zones are significantly more
permeable than the surrounding rock, groundwater will flow preferentially toward the faults. The
U.S. Army Corps of Engineers and USGS (1965) suggest that fault zones in the Banjo Point
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Figure 6.39. Breakthrough of undecayed, unretarded mass from a puclear chimney with and without
heat from the nuclear test. Each graph represents a different case of recharge/conductivity
ratio for the three selected realizations.
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Formation in the vicinity of the Long Shot site are at least ten times more permeable than the bulk
of the formation. If the permeability contrast is sufficiently high, this scenario might produce fast
pathways for flow from the chimney toward the sea.

The impacts on flow patterns and radionuclide transport caused by permeable fault zones are
addressed here using isothermal, 3-D, density-dependent flow and mass transport models. The
simulations are run using the FEFLOW code and a mesh geometry and hydrogeologic features that
are similar to those comprising the rubble chimney models. The differences are the addition of one
5-m-wide layer on each outside lateral face of the model, and the addition of four 100-m-wide layers
inside the model. The 5-m-wide layers represent fault zones and in the first fault scenario are
assigned fault hydraulic conductivity values ten times the values in the unfaulted rock. In the second
fault scenario, the faults are assigned hydraulic conductivity values 100 times the values in unfaulted
rock. The horizontal to vertical K anisotropy ratio of 10 is maintained within the fault zones in both
scenarios. The four additional 100-m-wide layers within the model increase the overall model width
t0 1,910 m, which approximates the width of the unfaulted structural blocks near Cannikin (Engdahl,
1972). The cavity and chimney are positioned midway between the fault zones at a distance of 800 m
from each. Thus, the 3-D models simulate flow and transport within a single structural block
bounded on the lateral faces by permeable fault zones. The faults are considered here to be preferred
pathways of flow to the sea and do not allow flow across them (Figure 6.40).

Three cases of each fault scenario are run, with boundary conditions and values of the groundwater
flow and mass transport parameters the same as the three cases of the 3-D chimney model (Table 6.8).
The only differences are the increased K values in the fault zones, as previously described.

Table 6.8. Values of parameters used in three-dimensional simulations incorporating fault zones.

Parameter Realization #1 Realization #2 Realization #3  All Cases
Horizontal Hydraulic Conductivity, 1.86x102 m/d  6.48x102m/d 1.78x102 m/d
Unfaulted Structural Block, K, and K,y
Vertical Hydraulic Conductivity, 1.86x10° m/d 6.48x103m/d  1.78x10°3 m/d
Unfaulted Structural Block, K,
K, and K,y of Fault Zones, Scenario #1 1.86x10"! m/d 6.48x102m/d 1.78x10"! m/d
K of Fault Zones, Scenario #1 1.86x10? m/d 6.48x103 m/d 1.78x102 m/d
K and K, of Fault Zones, Scenario #2 1.86 m/d 6.48x10°! m/d 1.78 m/d
K, of Fault Zones, Scenario #2 1.86x101 m/d  6.48x102m/d  1.78x10°! m/d
Cavity and Chimney, K, Ky and K, 1.86x102 m/d  6.48x102m/d  1.78x10°2 m/d
Specific Storage, Ss 1.x10%
Recharge, Rech 6.13 cm/yr 3.33 cm/yr 1.89 cm/fyr
Fracture Porosity, 6 2.81x10 2.71x104 2.67x10%
Chimney Porosity 0.07
Mass Longitudinal Macrodispersivity, Ay 100
Mass Longitudinal Macrodispersivity, Ay 10
Mass Diffusion, D* 1.0x10"% m?%/s
Density Ratio 0.025
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Figure 6,40. Design of finite-element mesh used for the the 3-D model incorporating fault zones near
Cannikin, Layers 1 and 21 represent the 5-m-wide fault zones (but are too thin to be
visible on this diagram). Layers 2 through 20 are 100 m wide and comprise the unfaulied

structural block.

Inclusion of permeable faults is somewhat analogous to increasing K uniformly throughout the
model domain, although the magnitude of the response is considerably less due to the limited areal
extent of the more permeable zones. In the density-driven flow system modeled here, an increase
in K generally causes the transition zone to be established at a higher elevation, as was shown
previously for the 2-D case. Similarly, in the case of 3-D flow with fault zones, faults with K values
10 times greater than the unfaulted rock result in a slightly higher location of the transition zone,
although the difference is well within the uncertainty of the measurements. Increasing the fault K
further shows a greater impact on the transition zone; faults with K values 100 times greater than
rock K start to dominate the flow pattern, causing the transition zone to be established a1 an elevation
about 200 m higher (Figure 6.41 and Figure 6.4Z). The high contras in K also is reflected in the
upper portion of the head profiles, which show about a 4-m difference in head between the center
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of the structural block and the edge. This head gradient has the effect of driving groundwater flow
from the center of the model where the cavity is located, toward the faults.

The results of the flow model for the three selected realizations are analyzed in terms of
transport of particles from the cavity to the seafloor. Figure 6.43 shows a snapshot of the particies’
distribution at 2,200 years for selected realization #2 comparing the three-dimensional model with
and without fault zones. The faults are assigned a conductivity value 100 times higher than the
unfaulted rocks. The impact of the shallower transition zone is apparent on the 3-D and the vertical
views. Particles break through between 4 and 5 km from the island axis in the faulted system, but
they break through between 5 and 6 km in the unfaulted scenario. In the plan view of Figure 6.43,
the impact of fault zones is most apparent where a strong lateral (parallel to the shoreline)
preferential flow drives a large number of particles toward the faults in both directions. These
particles then migrate along the transition zone within and parallel to the faults until they reach the
seafloor. This selected realization has the cavity within the transition zone and the shallower
transition zone resulting from the effect of the faults leads to the cavity being below the transition
zone. Particles thus move upward with the saltwater and then shoot outside the cavity in the four
directions: toward the sea, toward the island axis and toward the two faulted blocks. When the
recharge-conductivity ration is large and the cavity is located above the transition zone as in selected
realization #3, the impact of the faults on spreading the particles laterally is very minor as can be
seen from Figure 6.45. This is to be expected since the dynamics of the freshwater lens and the
velocity pattern therein are mainly controlled by the recharging freshwater. The high-K faults lead
to a shallower transition zone and thus break through closer to the shoreline as compared to the
unfaulted scenario.

The breakthrough curves for the three selected realizations and the comparison between the
faulted and unfaulted cases are shown in Figure 6.45. Again, the impact of the faults depends on the
location of the cavity with respect to the transition zone. The first realization shows an increase in
the mass arriving to the seafloor and a higher peak of mass flux, but at a later time as compared to
the breakthrough peak of the unfaulted scenario. The other two realizations (with cavity within or
above the transition zone) show the same or lower mass arriving to the seafloor within 2,200 years
and lower mass flux peak. As mentioned earlier, the significance of this impact depends on the
radionuclide’s half-life, with short-lived nuclides being more conservatively evaluated using the
unfaulted scenario.
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